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The effects of a 5-day virtual-reality based exercise programme on kinematics and postural 
muscle activity in youth with cerebral palsy 
 
ABSTRACT 
 
Aims: To determine the effects of a 5-day virtual reality (VR)-based intervention on anticipatory 
and reactive mechanisms of postural control in children and adolescents with cerebral palsy 
(CP). Methods: Eleven youth with CP (GMFCS levels I and II), ages 7 to 17, were allocated to 
intervention (N=5) and control (N=6) groups. Both groups attended balance assessment sessions 
1 week apart. Participants in the intervention group received 1 hour one-on-one physiotherapist-
supervised VR balance games for 5 consecutive days between assessments. For balance 
assessments, participants stood erect with eyes open on a movable platform that translated 
progressively through four speeds in the anterior/posterior direction. Participants performed two 
trials each of experimenter-triggered and self-triggered perturbations. Postural muscle activity 
and kinematics were recorded. The Anchoring Index and body segment cross-correlations were 
calculated as an indication of body stabilization, and the number of steps taken to regain 
balance/avoid falling were counted. Mann Whitney-U tests for between group differences in 
change scores were undertaken with an accepted significance level of 0.01. Results: No 
consistent differences in change scores were identified between groups.  Conclusions: There was 
no effect of a 5-day VR-based intervention on postural control mechanisms used in response to 
oscillating platform perturbations. Subsequent studies will further tailor VR interventions to 
patients’ functional balance needs.  
 
KEYWORDS: postural control, anchoring index, balance mechanisms, cerebral palsy, IREX, 
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Cerebral palsy (CP) is a non-progressive lesion in the central nervous system (CNS) resulting in 
motor disability and developmental delays. It is the most common physical disability in children, 
(Badawi & Keogh, 2013) affecting 2.11 persons per 1000 live births (Oskoui et al., 2013). 
Children with CP have motor deficits which contribute to impaired functional mobility and are 
associated with disruptions in postural control (Assaiante et al., 2005; Schmit et al., 2016). Loss 
of functionality in individuals with CP can limit participation in physical activity (Bult et al., 
2013; Engel-Yeger et al., 2009), which can then lead to further de-conditioning resulting in 
subsequent reduction in daily functional performance (Hombergen et al., 2012).  
Children and adolescents with CP are at an increased risk of falls (Bult et al., 2013). Because 
balance is an important aspect of daily living, functional performance of children and adolescents 
with CP is dependent on the role of postural control (Girolami, Shiratori, & Aruin, 2011). We 
have recently characterized anticipatory and reactive mechanisms of postural control in youth 
with CP on a continuously oscillating platform (Mills et al., under review). When exposed to 
repeated oscillations on a moving platform at lower speeds, children and adolescents with CP 
generally behaved similarly to typically developing age-matched controls. However, at higher 
frequencies, participants with CP took more steps and maintained increased levels of tonic 
muscle activity in response to the platform movements. Furthermore, children (aged 7-12) and 
adolescents (aged 13-17) with CP exhibited a preference (Mills et al, under review) for a head 
strapped to trunk strategy (Amblard et al., 2001), a measure of upper body stabilization during 
movement. Comparatively, typically developing youth tended to prefer the head stabilized in 
space strategy as a means of stabilizing the head, which helps to contribute a stable visual 
reference input to balance. We proposed that these changes at the higher frequencies were mostly 
  
due to the participants’ with CP (1) inability to control the body’s multiple degrees of freedom 
during the task, and (2) incapacity to generate appropriate muscular responses.  
Interventions that require full body movements to interact with a virtual environment have 
been found to improve static and dynamic standing balance (Brien & Sveistrup, 2011; Dewar et 
al., 2015). For example, replacing regular physiotherapy sessions with training using the 
Nintendo Wii for 3 weeks (four 25-minute sessions per week) resulted in improved balance 
scores as well as clinical motor function/performance testing in children with CP (Jelsma et al., 
2012) and those with poor motor performance as identified by physical education teachers 
(Mombarg et al., 2013). Meanwhile, feasibility studies in specially developed virtual reality (VR) 
games for children with CP have demonstrated clinical improvements in functional balance and 
gait measures (Bonnechere et al., 2017; Jaume-I-Capó et al., 2014).  
Research  supports the use of full-body movement VR-based exercise such as that promoted 
by GestureTek Health’s (Toronto, Canada) commercially available rehabilitation-specific 
Interactive Rehabilitation Exercise System (IREX) as an intervention to improve functional 
balance and mobility outcomes in children with CP (Levac et al., 2017; Glegg et al., 2014; Weiss 
et al., 2009). For example, we have previously demonstrated that an intensive 1-week IREX 
intervention improves short-term balance and functional mobility in adolescents with CP aged 
13-19 years (Brien & Sveistrup, 2011). While functional improvements were noted for clinical 
measures including the Community Balance and Mobility Scale, the Six-Minute Walk Test and 
the Timed Up and Down Stairs, the effects of VR and serious gaming interventions on 
anticipatory and reactionary mechanisms of postural control have not been reported.  
 
  
The aim of this study was to investigate the effects of a 5 day, 60 minutes/day VR-based 
intervention on mechanisms of postural control in children and adolescents with CP. We 
hypothesized that immediately following the one-on-one supervised IREX intervention, 
anticipatory and reactive postural control would improve compared to participants with CP who 
received no intervention. We hypothesized that changes would be evidenced through a reduction 
in (1) total number of steps taken and (2) postural muscle tonic activity, while demonstrating an 
increase in (1) preference towards a head stabilization in space strategy, and (2) correlations 
between movements of body segments. The preliminary data reported  is part of a larger study on 
the effects of a 6-week, therapist-monitored home VR gaming program for children and 
adolescents with CP (Levac et al., 2017).  
 
METHODS 
Participants 
Participants were 11 children and adolescents aged 7-17 years (6 males and 5 females) with a 
confirmed diagnosis of cerebral palsy classified as levels I or II on the Gross Motor Function 
Classification System (Palisano et al., 2008). Exclusion criteria were visual, cognitive or auditory 
impairment that would interfere with understanding of and/or ability to carry out instructions 
and/or play the video games, and orthopaedic surgery or Botox injections in the past 12 months. 
Children were recruited via study information letters mailed from the Ottawa Children’s 
Treatment Centre (OCTC) and disseminated in schools by physical and occupational therapists 
via the Community Care Access Centre. Ethical approval was granted through the University of 
Ottawa research ethics board in accordance with the Tri-Council policy statement (CIHR et al., 
2014). All participants and/or parents provided written informed consent. We did not undertake 
  
power analyses for this pilot study as our goal was to generate effect size and variability 
estimates to power a subsequent trial. Participant demographics are presented in table 1. 
 
[Table 1 about here] 
Intervention design 
Participants were non-randomly assigned to either the Interactive Rehabilitation Exercise System 
(IREX) group (“Intervention”, N=5) or the control group (“Control”, N=6) based on their self-
declared ability to attend the 1-week of VR sessions at OCTC. The 5 day IREX intervention 
program consisted of 60 minutes of VR-based balance training for 5 consecutive days. The 
program (Brien & Sveistrup, 2011; Levac et al., 2017) was delivered in the VR therapy room of 
the OCTC using the commercially available system consisting of a 32” widescreen display, a 
computer, video camera, and a green screen for computer-generated images.   
The participants interacted with virtual objects in each game to achieve tasks with adjusted 
difficulty levels, which challenged dynamic standing balance, coordination, and timing.  Games 
were ranked as ‘Easy’, ‘Medium’, or ‘Hard’ based on physical and cognitive demands when 
played on the lowest game parameters (Levac et al., 2017). Each exercise program was tailored 
to the individual’s needs, with suggested games, challenge parameters, and progression across 
the 5 days. A full description of the intervention, approach used to determine when to increase 
task/game difficulty, games used, and feedback provided is provided in Levac et al (2017).  
Procedures: Assessment schedule, protocol, and outcome measures 
All participants attended two test sessions, each consisting of balance testing and administration 
of clinical measures. For the intervention group, participants completed a testing session the 
  
weekend prior to and the weekend following a 5-day intensive therapy block. Participants in the 
control group completed two testing sessions scheduled one week apart. 
 Balance testing and outcome measures 
The balance testing paradigm used was the same as that used previously in our lab (Mills & 
Sveistrup, 2018; Bugnariu & Sveistrup, 2006). Briefly, participants stood upright on an 
oscillating platform (anterior/posterior) with their eyes open, and barefoot with feet shoulder-
width apart. They were instructed  to maintain their balance and to avoid taking steps unless 
necessary. Two trials in each of two test conditions were observed: experimenter-triggered (ETP) 
and self-triggered (STP) increases in oscillation frequency. A minimum number of cycles at each 
frequency (10, 20, 40, and 50 cycles at 0.1 Hz, 0.25 Hz, 0.5 Hz, and 0.61 Hz, respectively) were 
completed before initiating the next frequency. 
Full body kinematics (100 Hz) were recorded using motion analysis software (Vicon, 
Oxford, UK).  Bilateral surface EMG (Delsys Inc., Natick, USA) was recorded at 1000 Hz for 
tibialis anterior, gastrocnemius, quadriceps, and hamstring muscles, with a reference electrode 
placed on the iliac crest. The first three (0.1 Hz) to five (0.25 Hz, 0.5 Hz, 0.61 Hz) consecutive 
cycles without stepping for each frequency were considered ‘transition-state’ (TS). In the last 
half of each frequency following the transition state, a period of 3 to 5 consecutive cycles 
without stepping (0.1 Hz) and 8 to 10 consecutive cycles (0.25 Hz, 0.5 Hz, 0.61 Hz) without 
stepping were considered ‘steady-state (SS) periods’ during which the movement of the platform 
was considered to be predictable (Bugnariu & Sveistrup, 2006). 
The number of steps taken at each frequency during the oscillating platform paradigm was 
counted. The Anchoring Index (AI) was used to determine the stabilization of the head with 
  
respect to external space and/or the trunk (Amblard et al., 1997, 2001; Mesure et al., 1999) and 
was calculated as follows: 
 
AI = [σ2r  -  σ2a  ] / [ σ2a  +  σ2r  ] 
 
where σa is the dispersion of the head with respect to the absolute vertical (external space), and σr 
is the angular dispersion of the head relative to the trunk. A negative AI indicates a preference 
for a Head Strapped to Trunk Strategy (HSTS), whereas a positive AI indicates a preferred Head 
Stabilization in Space Strategy (HSSS). 
Cross-correlations (CC) of anteroposterior linear displacements of the ankle-head, hip-head, 
and ankle-hip marker pairs were calculated. Each CC temporal relationship (lag/lead) was 
calculated for ±50% time shift of one cycle. The maximum correlation and percent cycle at 
which it occurred were recorded.  
Raw EMG signals were full-wave rectified. Postural muscle bursting activity was expressed 
as the percent of cycles in which bursts occurred. Tonic activity levels were expressed as a 
percentage of the measured tonic activity at ETP SS 0.1 Hz. 
 
 
 Clinical testing and outcome measures 
Following the balance testing protocol, participants were offered a period of 10-15 minutes rest 
before continuing with the clinical testing. Clinical testing consisted of the 6-minute walk test 
(6MWT) (Maher et al., 2008) to assess the functional capacity for walking a prolonged distance. 
This was followed by the Gross Motor Function Measure Challenge Module (GMFM-CM) 
  
(Glazebrook & Wright, 2014) to assess gross motor skills of balance and postural control, 
coordination, agility, speed, and strength. Scores were converted to percentages. The 6MWT and 
GMFM-CM clinical outcome measures were recorded by accredited physiotherapists.  
Data Analysis 
Participant demographics and stepping data were summarized using descriptive statistics. 
Statistical analyses of clinical, kinematic, and postural muscle outcome measures were 
performed using SPSS v 23.0.0.2 (IBM Corp.). In the balance testing protocol, cycles during 
which steps were taken were excluded from statistical analyses. Data were determined to be non-
normally distributed through inspection of skewness and kurtosis, histograms, and Shapiro-Wilk 
tests of normality. First, baseline comparisons were made for between group differences, 
followed by inferential testing using the non-parametric Mann-Whitney U test for between group 
differences of the change scores (difference between assessments, i.e. assessment 2-1). Cases 
where baseline measures were found to be significantly different between groups were excluded 
from the change-score analyses to ensure any differences detected were as a result of the 
intervention. Results considered significant for p < 0.0125 (Bonferroni adjusted).  
 
 
RESULTS 
Baseline comparisons 
A significant difference between groups was identified at baseline for the Ankle-Head marker 
trajectory pair correlation at 0.1 Hz (U = 1, p = 0.009) in the ETP TS condition. This measure 
was excluded from subsequent change-score analyses. No significant differences between groups 
at baseline were detected in the STP conditions, nor in the clinical outcome measures.  
  
Balance Testing  
Stepping Responses 
Statistical analysis was not performed for the stepping response data as many participants were 
unable or unwilling to complete trials in the first assessment, but could complete trials at the 
second assessment. Thus, change scores could not be calculated. Results for the stepping 
responses of all participants at 0.5 Hz and 0.61 Hz in externally- and self-triggered conditions are 
presented in Table 2. Generally, the lower frequencies (0.1 Hz and 0.25 Hz) did not elicit 
stepping responses in either condition. A greater number of steps was observed at the higher 
frequencies (0.5 Hz and 0.61 Hz) in both conditions. More steps were taken in the externally-
triggered condition compared to the self-triggered condition, and a reduction in steps taken 
between assessments was observed in both the IREX and control groups.  
[Table 2 about here] 
Anchoring Index 
Although no significant differences were found between groups for the change in Anchoring 
Index at any frequency in any condition, both groups initially tended towards no preference in 
stabilization strategy. Following the one-week period, the participants in both groups exhibited 
less reliance on the head strapped to trunk strategy and adopted either no preference for either 
strategy, or switched to a head stabilized in space strategy entirely – this was especially 
noticeable in the transition state periods in both externally- and self-triggered conditions (see 
figure 1). Results for the anchoring index Mann-Whitney U tests including effect sizes can be 
found in Table 3.1 . Briefly, effect sizes were mostly small, ranging from 0.09 to 0.62.   
 
[Figure 1 about here] 
  
[Table 3.1 about here] 
 
Kinematics 
Few significant differences were found between groups in the cross-correlation analyses. In the 
externally-triggered condition during steady state periods, the Ankle-Head cross-correlation at 
0.25 Hz tended to decrease more (U = 0, p = 0.024) in the IREX group (M = -0.624; SD = 0.47) 
than in the control group (M = -0.02; SD = 0.03). The Ankle-Hip cross-correlation at 0.1 Hz 
increased more (approached significance: U = 1, p = 0.019) in the IREX group (M = 0.45; SD = 
0.35) than in the control group (M = -0.18; SD = 0.49) following the 1-week intensive program. 
No significant differences between groups were detected in any marker-pair trajectory cross-
correlation in the other frequencies/conditions. Briefly, effect sizes were mostly small to 
medium, ranging from 0 to 0.8. Full results of the cross-correlation analyses including effect 
sizes can be found in Tables 3.2 (transition states) and 3.3 (steady states).   
[Tables 3.2 and 3.3 about here] 
 
 
Postural muscle activity 
The tonic activity of the hamstrings in the externally-triggered condition during steady state 
(0.25 Hz) increased more (approached significance: U = 1, p = 0.019) in the IREX group (M = 
9.72; SD = 12.34) than in the control group (M = -6.46; SD = 11.47) following 1-week intensive 
therapy. No other significant differences between groups were detected in either tonic activity 
levels or bursting activity for all muscles in all other frequencies/conditions. Full results of the 
  
postural muscle activity MWU tests including effect sizes are presented in Tables 3.4 (transition 
states) and 3.5 (steady states). Effect sizes for postural muscle activity ranged from 0 to 2.7.  
 
[Tables 3.4 and 3.5 about here] 
 
Clinical Outcome Measures 
There were no significant differences in change scores between groups found in the 6MWT and 
the GMFM-CM (see figure 2).  
 
[Figure 2 about here] 
 
DISCUSSION 
We examined the effect of a 1-week VR-based intensive exercise program on anticipatory and 
reactive mechanisms of postural control in children and adolescents with CP. Contrary to our 
hypotheses, children and adolescents with cerebral palsy who participated in the program did not 
exhibit significant changes to postural control mechanisms following the VR exercise program.  
The lack of differences in change scores in the kinematic and muscle activity analyses could 
be explained by redundancy in responses. During acquisition of new motor tasks (or re-learning 
of old ones), it has been hypothesized that development occurs in phases (Woollacott & 
Sveistrup, 1992) whereby initially the control of degrees of freedom throughout the body (eg. 
hips, knees, and ankles) is poor and a clear behavioural strategy in response to a postural 
perturbation is not exhibited. In the second phase of learning, the degrees of freedom are 
constrained or ‘frozen’ to a minimum, allowing for a strong, rigid system, before being 
  
‘released’ and re-integrated with practice in phase 3 for fluid movement (Vereijken et al., 1992; 
Bernstein, 1967). Thus, study participants may have been constrained to a phase 2 stage of motor 
(re)learning with insufficient time and practice to consolidate response reorganization. Future 
studies would ideally investigate the effect of an intensive VR-based intervention over several 
weeks, with multiple baselines.  
Because many of the games played during the VR-based intervention require lateral 
movements, it is possible that improved postural control in the lateral direction may not have 
carried-over to the postural balance mechanisms in the anteroposterior direction of the platform 
oscillations. For example, in a systematic review of balance training interventions, Kümmel et al. 
(2016) discussed how training can improve balance and performance on a trained task but not 
necessarily in a non-trained, related task. Indeed, Giboin et al. (2015) showed that balance 
training only had an effect on the trained tasks, even if the non-trained tasks were performed on a 
similar platform but in a different direction of perturbation. Moreover, it was found that groups 
outperformed others only on the tasks in which they were trained. Thus, the authors suggested 
identifying and training exactly those tasks requiring improvement.  
Recent studies have demonstrated benefits of VR training on dynamic balance control, but 
have mostly focussed on clinical assessments, such as the Berg Balance Scale or Paediatric 
Balance Scale (PBS). For example, Cho et al (2016) found that virtual reality treadmill training 
improved scores on the PBS, while Pavao et al. (2014) observed similar changes on the PBS 
following VR-based therapy. However, our aim was to understand if anticipatory and reactive 
postural control mechanisms are necessary for functional balance and mobility. The results from 
our study suggest that this dosage of VR-based exercise alone did not result in significant 
changes in anticipatory and reactive mechanisms of postural control in youth with CP. While this 
  
may be a result of employing multiple mechanisms for achieving the same task, improvements in 
postural control for this population may rely on improving the ability to generate appropriate 
muscle responses. The VR games in this study did not target specific muscles for strength 
training and muscle activation timing.  
There are also possible limitations as to why no changes were observed in either group. Most 
notably, the sample size was small and not powered to detect change as evidenced by the mostly 
small to medium effect sizes. The number of participants recruited was limited to those who 
volunteered for the study, which greatly influenced the effect sizes of our statistical analyses. 
Due to the small sample size and large variability in our data, it is possible that benefits gained 
by some participants were within the magnitude of the grouped variability. However, while we 
have previously demonstrated improvements on clinical measures in four adolescents with CP 
following a 5-day intensive VR program (Brien & Sveistrup, 2011), it is possible the intervention 
was not sufficiently challenging or intense, as there may not have been enough repetition to 
obtain improvement. The relatively shorter duration of the daily program – 60 minutes per day in 
our intervention compared to the 90 minutes per day in Brien & Sveistrup’s study – might not 
have provided the required intensity of stimulation for improvement. Furthermore, it is possible 
the participants who received the IREX intervention simply used this exercise to replace another 
physical activity they would have otherwise done throughout the week.  
 
CONCLUSIONS 
Five days of VR-based intervention did not alter the anticipatory or reactive postural control 
mechanisms used in response to oscillating platform perturbations in children with cerebral 
palsy. In subsequent studies, increasing the sample size and increasing the intensity, specificity, 
  
and duration of the activity may inform physiotherapists of the potential benefits to an intensive 
VR-based exercise program. Furthermore, more work is required to understand the 
transferability of the lateral training of the VR-based exercises to the anteroposterior aspects of 
postural control mechanisms. The use of head-mounted displays to provide 3D VR environments 
may also encourage movements in both medio-lateral and antero-posterior planes.  
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Figure Legends 
 
Fig. 1 – Anchoring Index during Transition State in the Externally- and Self-Triggered 
Perturbation conditions in intervention and control groups. Positive values greater than 0.3 
indicate a preference for Head in Space Strategy. Negative values greater than -0.3 indicate a 
preference for Head Stabilization on Trunk Strategy. Values around 0 indicate no preference for 
either strategy. 
 
Fig. 2 – Results from the 6 Minute Walk Test (a) and GMFM-CM (b) at assessment sessions 1 
and 2 for both Intervention and Control groups. Change in distance walked (6 Minute Walk Test) 
presented in panel (c). Positive values indicate an increase in distance walked from 1st to 2nd 
assessment point, while negative values indicate a decrease in distance walked. Increases 
(positive values) and decreases (negative values) in GMFM-CM score presented in panel (d) 
(figure adapted with permission from Levac et al11).  
 
